Fully grown germinal vesicle stage mouse oocytes remain arrested in meiotic prophase I until ovulation. This arrest is maintained by cGMP produced in cumulus granulosa cells surrounding the oocyte. Recently, it was found that cGMP production in cumulus cells depends on NPR2 guanylate cyclase activated by its ligand natriuretic peptide precursor C (NPPC). It is assumed that cGMP reaches the oocyte through gap junctions that couple cumulus granulosa cells to each other and to the oocyte. Previous work identified two main types of gap junctions in the follicle, connexin-43 gap junctions (GJA1 protein) between granulosa cells and connexin-37 gap junctions (GJA4) between cumulus cells and the oocyte. However, it had not been established that both types are required for meiotic arrest mediated by NPPC/NPR2 signaling. To investigate this, we used connexin mimetic peptides (CMPs) that specifically disrupt gap junction isoforms within cumulus-oocyte complexes (COCs) and isolated antral follicles in culture. We furthermore developed a punctured antral follicle preparation to permit CMP access to the antral cavity in an otherwise intact follicle. CMP directed against connexin-43 (Cx43 CMP) overcame NPPC-mediated meiotic arrest in both isolated COCs and antral follicles. Cx37 CMP, in contrast, had no effect when present in the medium, but released oocyte arrest in the presence of NPPC when microinjected into the perivitelline space near the oocyte surface in COCs. This is consistent with both connexin isoforms being required for meiotic arrest and with the reported localization of connexin-43 throughout the cumulus cells and connexin-37 at the oocyte surface.
INTRODUCTION
Female fertility depends upon the maintenance of fully grown germinal vesicle (GV) stage oocytes in meiotic prophase I arrest until ovulation is triggered, when they are released to proceed through meiotic maturation and become a mature egg that can be fertilized. The intact ovarian follicle provides the physiological environment that maintains prophase I arrest until it receives the primary luteinizing hormone signal for ovulation and oocyte maturation [1, 2] . The fully grown antral follicle (Graafian follicle) is bounded by an outer spherical layer of theca cells and a basement membrane just underneath the theca. Within this lie granulosa cells, the fluid-filled antral cavity, and the oocyte. Granulosa cells are divided into either mural or cumulus granulosa by their relationship to the basement membrane, antrum, and oocyte. The mural granulosa cells form a layer immediately interior to the basement membrane and surround most of the antrum. The cumulus granulosa cells enclose the oocyte and are surrounded by antral fluid except for a stalk of granulosa cells that attach them to the mural granulosa cells.
Bidirectional communication between the oocyte and granulosa cells in the ovarian follicle is necessary for maintenance of a healthy oocyte in meiotic arrest and for proliferation and appropriate differentiation of the granulosa cells. Oocyte-granulosa cell communication occurs both by paracrine signaling through the follicular fluid and via gap junctions that connect granulosa cells to each other and to the enclosed oocyte [3] . Among the family of gap junction proteins, two isoforms have been identified that are vital to follicle and oocyte growth in the mouse: GJA1 (connexin-43) and GJA4 (connexin-37) [4] [5] [6] . Mice in which the Gja4 gene has been deleted and are thus lacking connexin-37 gap junctions produce ovarian follicles that appear to develop normally until the late preantral stage. However, oocyte and follicle growth then cease, meiotic competence is not achieved, Graafian follicles fail to develop, and the females are infertile [7] . Gja1 knockout mice that lack connexin-43 gap junctions die as neonates as a result of cardiac malformation [8] . However, perinatal Gja1 knockout ovaries transplanted to the kidney capsule of wild-type mice revealed that they also failed to support normal folliculogenesis and produced abnormal, meiotically incompetent oocytes that could not be fertilized [9] . Kidder and colleagues [10, 11] subsequently used chimeric reaggregated ovaries that mixed knockout or wild-type oocytes and granulosa cells to determine the requirement for each connexin isoform in each cell type. They found that folliculogenesis was impaired only when Gja1-deficient granulosa cells lacking connexin-43 were paired with wild-type oocytes or when Gja4-null oocytes without connexin-37 were paired with wild-type granulosa cells.
In addition to being required for folliculogenesis and oocyte growth, functional gap junctions are required for maintenance of prophase I arrest of the fully grown oocyte within the antral follicle because disrupting gap junctions in intact rat antral follicles with a general pharmacological gap junction inhibitor released prophase I arrest and induced meiotic maturation [12, 13] . Furthermore, when ovulation is physiologically triggered with luteinizing hormone, the gap junctions between granulosa cells are disrupted preceding release of the oocyte from meiotic arrest [13] , consistent with a role for gap junctions in maintaining prophase I arrest in the follicle.
It has long been known that high cAMP in the oocyte is required for GV arrest [1] . Oocyte cAMP is produced via the action of a constitutively active G s -linked G-protein coupled receptor, GPR3, that maintains adenylate cyclase activity [14] . The high intracellular level of cAMP is maintained because the cAMP-specific phosphodiesterase in oocytes, PDE3, is inhibited by cGMP derived from cumulus granulosa cells that enters the oocyte via gap junctions [15] . Only recently, however, has the signaling mechanism by which GV oocytes are maintained in arrest in vivo been fully elucidated when it was shown that natriuretic peptide precursor C (NPPC) released from mural granulosa cells diffuses through the antral fluid and binds to its receptor, the guanylate cyclase NPR2, located on cumulus granulosa cells [16] . Maintenance of NPR2 expression also requires the presence of estradiol (E 2 ) [17] . The cGMP that is produced by activated NPR2 is then transferred between cumulus granulosa cells and from the innermost cumulus granulosa cells into the oocyte through gap junctions.
Which gap junction isoforms are required for maintaining meiotic arrest has not been fully elucidated. It is accepted that the gap junctions that connect granulosa cells to each other are mainly composed of GJA1 [5, 18, 19] , but the identity of the gap junction isoform required to couple cumulus granulosa cells to the oocyte remains somewhat controversial [6] . Confocal immunofluorescence studies in mouse detected only GJA4 where cumulus cell processes make contact with the oocyte surface [19, 20] , although rat oocytes appear to also contain GJA1 [21] . Consistent with the presence of only homotypic GJA4 gap junctions at the mouse cumulus-oocyte interface, denuded oocytes could only form new gap junctions in vitro with cultured granulosa cells if the granulosa cells also expressed GJA4 [20] . In contrast, when Gja4-null granulosa cells were combined with oocytes to develop in vivo, the resulting reaggregated ovaries produced fully grown oocytes that were maintained normally in meiotic arrest [10] , suggesting instead that connexin-37 is not required in granulosa cells for them to form gap junctions with oocytes.
Because ablating GJA1 in granulosa cells or GJA4 in the oocyte prevented follicle and oocyte development [7, 9, 10] , while the reverse had no effect on either folliculogenesis or maintenance of meiotic arrest [10, 22] , the knockout and reaggregation models could not establish which connexin isoforms are required for maintenance of meiotic arrest. Thus, the types of gap junctions required for maintenance of meiotic arrest in the antral follicle have principally been inferred from localization studies in cumulus-oocyte complexes (COCs) from antral follicles. We are aware of only one report that provides direct evidence for a specific connexin isoform in maintaining meiotic arrest. Norris et al. [13] microinjected isoform-specific antisera against GJA4 into oocytes within an intact antral follicle, which caused depletion of GJA4 protein and hence connexin-37 gap junctions over time and released oocytes from meiotic arrest. This implicated oocyte-derived connexin-37 in the maintenance of meiotic arrest.
Formation of functional intercellular gap junctions requires interaction between two connexin hemi-channels, each located in the membranes of adjacent cells. The extracellular loop domains in GJA proteins that mediate this interaction differ between each GJA protein isoform. This has allowed the development of peptides based on the amino acid sequence of these extracellular loops that disrupt gap junctions containing specific GJA isoforms. These connexin mimetic peptides (CMPs) include validated CMPs for GJA1 and GJA4 [23, 24] . CMPs are believed to inhibit gap junctional communication by rapidly binding to hemi-channels and preventing their incorporation into gap junctions and more slowly intercalating into already formed gap junctions and disrupting them [23, 24] . Although CMPs have not been used to investigate the maintenance of meiotic arrest, CMP specific for GJA1 have been confirmed to disrupt gap junctions between rat granulosa cells in monolayer culture [25] , indicating that they may prove effective.
The recent discovery of NPPC as the physiological mediator of oocyte arrest in the COC now permits the investigation of the role of gap junctions in maintaining physiological meiotic arrest in the isolated COC. In addition, meiotic arrest of the enclosed oocyte is maintained within isolated intact antral follicles in vitro [26] , which thus provides another system for investigating the roles of specific connexin isoforms. Here, we have used CMPs specific for GJA1 and GJA4 (connexin-43 and -37, respectively) to determine the requirement for each type of gap junction in maintaining physiological meiotic arrest by NPPC in isolated COCs and antral follicles.
MATERIALS AND METHODS

Chemicals and Culture Media
All the chemicals and media components were obtained from SigmaAldrich (St. Louis, MO) unless stated otherwise. The COC culture medium was minimum essential medium (MEMa) with no added nucleosides (12561-049; Life Technologies, Burlington, CA) and 1 mg/ml polyvinyl alcohol (cold-water soluble, molecular weight: 30 000-70 000) added. The antral follicle culture medium was MEMa with essential amino acids and without glutamine (10370-021; Life Technologies) with 10% fetal bovine serum (Life Technologies), ethylenediaminetetraacetic acid (0.01 mM), penicillin G, ascorbic acid (50 lg/ ml), and follicle stimulating hormone (FSH, 100 ng/ml) added. FSH was obtained from the National Hormone and Pituitary Program of National Institute of Diabetes and Digestive and Kidney Diseases (Bethesda, MD). Hepes-KSOM medium [27] with glutamine omitted and polyvinyl alcohol (1 mg/ml) substituted for bovine serum albumin was used for oocyte and follicle collections and handling. Where specified, medium-equilibrated embryo culture-grade mineral oil (M8410; Sigma-Aldrich) was used to overlay the culture drops.
COC and Antral Follicle Isolation and Culture
The Animal Care Committee of the Ottawa Hospital Research Institute or University of Ottawa Faculty of Medicine approved all the animal protocols. CF1 female mice were injected intraperitoneally with equine chorionic gonadotropin (eCG, 5 international units), and COCs and antral follicles were obtained 43-45 h post-eCG. COCs were collected by mincing ovaries with a razor blade and washing released COCs through three drops of Hepes-KSOM with a pipette. COCs (Fig. 1A) were cultured in 20 or 50 ll drops of COC culture medium as specified for up to 24 h at 5% CO 2 /air at 378C. NPPC (various concentrations) and E 2 (100 nM) were added to culture medium to maintain meiotic arrest [16, 17] where specified. To prevent E 2 loss into an oil overlay, COC culture drops that included E 2 with NPPC were placed on a 35 3 10 mm culture dish that was enclosed inside a 100 3 15 mm Petri dish containing a moistened Kimwipe to help maintain humidity and the oil was omitted. Absence of significant evaporation was confirmed by showing no increase in osmolarity in 20 ll drops after 24 h (not shown). Some COC culture was instead carried out in 1 ml volumes of COC medium in organ culture dishes, where specified, as described below for antral follicles. Denuded oocytes (Fig. 1B) were obtained by stripping the cumulus cells from COCs by repeated pipetting with a pulled Pasteur pipette.
Intact antral follicles ( Fig. 1C ) were isolated and cultured based on the method developed by Downs [26] . Ovaries were isolated and cleaned of fat and oviductal tissue with tweezers. Antral follicles were mechanically isolated in Hepes-KSOM by prying apart the ovarian tissue with tweezers. Follicles were selected if they displayed a clear antrum and visible oocyte. For most experiments, antral follicles were cultured in antral follicle culture medium (volume as specified) within center-well organ culture dishes with water in the outer well for up to 24 h in an atmosphere of 5%CO 2 /50%O 2 /45%N 2 at 378C [26] in modular chambers (Billups-Rothenburg, Inc., Del March, CA). For the experiment in which the volume of culture medium was varied, antral follicles were instead cultured in drops of antral follicle culture medium on 35 3 10 mm culture dishes as described for COCs, without oil. Following the culture period, oocytes were removed from the follicles by puncturing the follicle with a 25-gauge (G) needle and gently pushing on the follicle with tweezers to remove the oocyte. Cumulus cells were removed as described below.
Punctured antral follicles ( Fig. 1D) were prepared that had a small opening through the theca, basement membrane, and mural granulosa cell layers to afford continuity between the antral cavity and culture medium. Punctured antral follicles were produced and cultured using the same method as for intact antral follicles except that a hole was made with a 25-G needle through the outer wall of the follicle at a point opposite to the position of the oocyte (Fig.  1E ) while viewed under a binocular dissecting microscope. A follicle was considered to be appropriately punctured if a few granulosa cells were visibly extruded through the hole while the oocyte remained in position inside the follicle (Fig. 1D ). NPPC and E 2 were added to the antral follicle medium to maintain meiotic arrest where specified. After culture, COCs were isolated as described for intact follicles, as described above.
Cumulus cells were removed from enclosed oocytes by repeated pipetting. Oocytes were scored as meiotically arrested if an intact GV was visible or as having resumed meiosis if the nuclear membrane had broken down, termed germinal vesicle breakdown (GVBD). Some oocytes were further cultured overnight in 50 ll volumes of COC culture medium under oil and scored for first polar body emission (MII) where specified. Oocytes were scored as MII if a polar body was observed in the perivitelline space (PVS).
Gap Junction Inhibition
Intact and punctured antral follicles were cultured in antral follicle medium in the presence or absence of the general gap junction inhibitors 18a-glycyrrhetinic acid (AGA, 150 lM) or lindane (10 lM). AGA was added from 42.5 mM stocks in dimethylsulfoxide, and lindane was added from 1.72 mM stocks in water. Dimethylsulfoxide (0.35%) alone was added in control treatments for AGA. Antral follicles were cultured with or without gap junction inhibitors for 10 h. Both inhibitors have been previously shown to be effective at the concentrations used here [28, 29] .
CMPs (Alpha Diagnostics, San Antonio, TX) were used to target specific connexin isoforms. Cx37/40 CMP (Cx2601-P-1; connexin 37/40 hemi-channel blocking peptide, Gap 26 domain) targeted against GJA4 was used to inhibit connexin-37 gap junctions. As a control, Cx37 scrambled peptide (Cx2602-PS-1; connexin 37/40 hemi-channel scrambled peptide, Gap26 domain) with the same amino acid composition was used. Although this CMP would also target GJA5 (connexin-40), this isoform is not implicated in gap junction communication in follicles [5] . Cx43 CMP (Cx2605-P-1; connexin 43 hemichannel blocking peptide, Gap 26 domain) targeted against GJA1 were used to inhibit connexin-43 gap junctions. The Cx43 scrambled peptide (Cx2606-PS-1; connexin 43 hemi-channel scrambled peptide, Gap 26 domain) was used as a control. Isolated COCs or punctured follicles were cultured for up to 20 h in medium with NPPC and E 2 with or without Cx37 or Cx43 CMPs or control peptides. Alternatively, CMPs were microinjected into the PVS in COCs as described below. Following the culture period, oocytes were scored for GVBD as previously described.
COC Microinjection
COCs were isolated as described and transferred to a drop of Hepes-KSOM under mineral oil. Microinjections were performed as previously described for intracellular injections of oocytes [30] using a Medical Systems PLI-100 microinjection apparatus (Harvard Apparatus, Holliston, MA) that controlled holding and injection pipettes with Narishige MMN-I micromanipulators mounted on a Zeiss Axiovert microscope.
To ensure that the CMP reached the gap junctions between granulosa cells and the oocyte, Cx37 or Cx43 CMP, injection medium alone, or control scrambled peptides were microinjected into the PVS between the oocyte and zona pellucida. Successful microinjection into the PVS was visualized microscopically during the injection procedure. The microinjection needle was advanced until the surface of the oocyte within the COC started to deform detectably, at which point advancement of the needle was ceased. Microinjection into the PVS was confirmed by observing lateral movement of injected liquid along the surface of the oocyte in the space under the zona pellucida and a lack of any observed oocyte swelling during the injection. After microinjection, COCs were cultured overnight in COC culture medium with 100 nM NPPC and E 2 and the same CMP or control peptide that was microinjected (to prevent dilution of injected peptide over time), and GV status was then assessed.
Antisera against GJA4 gap junctions and control immunoglobulin G (IgG) were provided by Dr. Laurinda A. Jaffe already concentrated for oocyte microinjection as previously described [13] . Two different GJA4 antisera were used. One was produced by Dr. Alexander M. Simon and had been raised against GST-GJA4 and then affinity purified [19] . The other was produced by Dr. David L. Paul and had been raised against a GST fusion protein of GJA4 amino acids 229-333 [31] . Antisera were microinjected into the oocyte within COCs as described for perivitelline injection above except that the microinjection needle was advanced into the oocyte and successful injection confirmed by observed swelling of the oocyte and visible injection in the cytoplasm. After microinjection, COCs were cultured 20 h in COC culture medium with 100 nM NPPC and E 2 , and the GV status was then assessed.
Confocal Microscopy
The ability of larger molecules to permeate the cumulus cells and reach the oocyte was assessed using Alexa-488 conjugated wheat germ agglutinin (WGA) (W11261; Life Technologies). Denuded oocytes or COCs were cultured for 2 h in COC culture medium with 5 lg/ml WGA. After the culture period, COCs were stripped of cumulus cells as described, and the fluorescence of the zona pellucida was examined using a Zeiss LSM 510 META Confocal Microscope to assess binding of labeled WGA to the zona pellucida.
Data Analysis
Graphs were prepared using GraphPad Prism 5.00 (GraphPad Software, San Diego, CA). All the data were expressed as mean 6 SEM. Statistical 
GAP JUNCTION ISOFORMS IN GV OOCYTE ARREST
analysis of the data was performed by ANOVA followed by the Tukey multiple comparison test (when three or more groups were compared) or by Student two-tailed t-test (to compare two groups) using Prism.
RESULTS
Intact and Punctured Antral Follicle Culture
We wished to develop an antral follicle preparation that maintained the oocyte in meiotic arrest but allowed direct access to the antral cavity so that the CMP could be easily introduced to the COC within the follicle. Pilot experiments indicated that intact antral follicles cultured in antral follicle medium essentially as described by Downs [26] would maintain GV arrest in nearly 100% of enclosed oocytes for at least 20 h (data not shown). We therefore used the same conditions to culture antral follicles whose walls had been punctured using a 25-G needle opposite the position of the oocyte. However, few oocytes remained in GV arrest in punctured follicles (not shown). We speculated that this could be due to dilution of components of the antral fluid in the 1 ml culture volumes, and therefore tested the effects of reducing the culture medium volume. First, intact follicles were cultured in volumes of culture medium ranging from 10-500 ll to determine the minimum in which antral follicles would remain viable and maintain oocyte arrest. Following the culture period of 20 h, oocytes were isolated and examined for an intact GV. When three intact antral follicles were cultured together, GV arrest was not well maintained at volumes below 300 ll, while volumes of 300 ll or greater maintained maximal arrest of ;80% of oocytes (Fig. 2) . When five follicles were cultured together, GV arrest was maintained in 500 ll but not 300 ll (Fig. 2) . Therefore, at least 100 ll of medium per follicle was required under our conditions to maintain meiotic arrest. Punctured follicles, however, failed to maintain GV arrest even in 100 ll of medium per follicle (data not shown). Thus, it was unlikely that punctured follicles could be cultured in small enough volumes to prevent dilution of antral fluid components and maintain oocytes in GV arrest.
We hypothesized that puncturing the follicle resulted in the dilution of the endogenous NPPC that is secreted by mural granulosa cells and diffuses through the antral fluid to its receptor on the cumulus granulosa cells to maintain GV arrest. Therefore, we determined whether adding exogenous NPPC to the medium would maintain GV arrest within punctured follicles as reported for isolated COCs [16, 17] . First, we determined the concentration of NPPC (with 100 nM E 2 to maintain NPR2 expression [17] ) required to maintain GV arrest under our conditions using isolated COCs. COCs were cultured for 4 h with concentrations of NPPC from 0-1000 nM. GV arrest was maintained in ;85% of oocytes at NPPC concentrations between 100 and 500 nM (Fig. 3A) . Thus, 
FIG. 3. Maintenance of meiotic arrest in cultured COCs by natriuretic peptide precursor C (NPPC) and estradiol (E 2 ). A) GVBD in COCs cultured
4 h in culture medium with or without 0-1000 nM NPPC. COCs were cultured in 50 ll drops of COC culture medium under oil. Circles represent percentage of COCs that underwent GVBD (mean 6 SEM; n ¼ 3; five to seven COCs per culture group). Points that do not share letters are significantly different (P , 0.05 by ANOVA with Tukey test). B) GVBD in COCs cultured 24 h in culture medium with or without NPPC (100 nM) and E 2 (100 nM). COCs were cultured in 1 ml of COC culture medium in organ dishes without oil overlay. Bars represent percentage of COCs that underwent GVBD (mean 6 SEM; n ¼ 4; at least 10 COCs per culture group). Differences between means of GVBD in COCs cultured with or without NPPC and E 2 were examined by Student t-test (**P , 0.01).
RICHARD AND BALTZ experiments. We confirmed that the same conditions maintained meiotic arrest in COCs for at least 24 h (Fig. 3B) . We then determined whether NPPC and E 2 would also maintain GV arrest in punctured antral follicles. Punctured and intact antral follicles were cultured in volumes of at least 100 ll of culture medium per follicle for up to 20 h with or without the addition of 100 nM NPPC and 100 nM E 2 , and were assessed by their ability to maintain meiotic arrest. In the absence of NPPC and E 2 , intact follicles maintained oocyte meiotic arrest for up to 20 h as expected, but oocytes within punctured follicles under the same conditions underwent GVBD (Fig.  4A) . However, when NPPC and E 2 were present, GV arrest was maintained in punctured follicles, with no significant difference between intact and punctured follicles (Fig. 4B) .
To determine whether GV-arrested oocytes cultured under these conditions remained meiotically competent, oocytes were removed from intact and punctured follicles after 20 h culture with NPPC and E 2 and their ability to mature to MII eggs was assessed by examining them for first polar body emission. In both intact and punctured follicles, nearly 100% of oocytes had maintained meiotic arrest. After overnight culture of GV oocytes isolated from the follicles, ;50%-60% of oocytes from either intact or punctured follicles had progressed to MII eggs (Fig. 4C) , and there was no significant difference in maturation of oocytes derived from intact or punctured follicles.
Role of Gap Junction Isoforms in Maintenance of GV Arrest
To investigate whether connexin-43 or connexin-37 gap junctions are required to maintain meiotic arrest in isolated COCs, connexins were disrupted using isoform-specific CMPs. COCs were isolated and cultured for 20 h in concentrations of each CMP from 0-600 lM or 600 lM of its corresponding control scrambled peptide in the presence of NPPC and E 2 . In the presence of Cx43 CMP at 450 or 600 lM, the release from meiotic arrest was significantly higher (;60%-80% GVBD) than in COCs cultured without any Cx43 CMP (0 lM) or with control scrambled Cx43 peptide (Fig. 5A ). In contrast, there was no significant effect of Cx37 CMP up to 600 lM (Fig.  5B) . We then determined the time course of GVBD in COCs induced by 600 lM Cx43 CMP. In the presence of NPPC and E 2 , Cx43 CMP resulted in progressively increasing GVBD from 0-6 h after introduction of the CMP that then plateaued (Fig. 5C) .
We then determined whether inhibiting gap junctions within antral follicles resulted in release from meiotic arrest. We first confirmed that general inhibition of gap junctions released meiotic arrest in antral follicles under our conditions, as previously reported [12] . The non-isoform-specific gap junction inhibitors AGA and lindane each resulted in the release of oocytes from meiotic arrest within both intact and punctured antral follicles (cultured with NPPC and E 2 ) after 10 h culture (Fig. 6, A and B) .
FIG. 4.
Maintenance of meiotic arrest in cultured intact or punctured antral follicles by NPPC and E 2 . A) GVBD in intact and punctured antral follicles cultured 0-20 h in medium without NPPC and E 2 . B) GVBD in intact and punctured antral follicles cultured 0-20 h in medium with NPPC (100nM) and E 2 (100nM) added. Follicles were cultured in 1 ml of antral follicle culture medium in organ dishes, In both A and B, circles represent the percentage of GVBD in oocytes cultured in intact follicles, while squares represent the percentage of GVBD in oocytes cultured in punctured follicles (mean 6 SEM; n ¼ 3; 7-10 follicles per culture group). Significance of differences between means in cultured intact and punctured follicles at each time point were examined by Student t-test (*P , 0.05, **P , 0.01). C) Maintenance of meiotic arrest and progression to MII eggs in intact and punctured antral follicles cultured 20 h in 3 medium with NPPC (100 nM) and E 2 (100 nM). Black bars represent percentage of oocytes cultured in follicles that maintained meiotic arrest (intact GV) at the end of the 20 h culture, and white bars represent the percentage of oocytes that progressed to the MII stage after isolation from cultured intact or punctured follicles and further culture overnight in 50 ll drops of COC culture medium under oil to permit meiotic maturation (mean 6 SEM; n ¼ 4; 7-10 follicles per culture group). There was no significant difference in GV status or progression to MII between intact and punctured follicles (t-tests).
GAP JUNCTION ISOFORMS IN GV OOCYTE ARREST
AGA and lindane likely have nonspecific effects because they act indirectly by perturbing signaling mechanisms that are required for gap junctions to remain functional [32, 33] . To more specifically inhibit gap junctions, we tested CMP targeted against GJA1 (Cx43 CMP) and GJA4 (Cx37 CMP) in antral follicles. The punctured follicle culture system was used here to allow CMP to access the interior of the follicle. Punctured follicles were cultured with 600 lM Cx43 or Cx37 CMP or the corresponding scrambled peptide or no peptide. Cx43 CMP
FIG. 5. Inhibition of connexin-37 (GJA4) and connexin-43 (GJA1) gap junctions in cultured COCs by connexin mimetic peptides (CMP). A)
Percentage of GVBD in COCs cultured 20 h in medium with NPPC (100 nM) and E 2 (100 nM) and with 0-600 lM Cx43 CMP (squares) or 600 lM of the corresponding scrambled peptide (triangle) (mean 6 SEM; n ¼ 5; 7-10 COCs per culture group). Differences between means were compared to GVBD in COCs cultured without CMP (0 lM) by ANOVA and Tukey post hoc test (**P , 0.01, ***P , 0.001). B) Percentage of GVBD in COCs cultured 20 h in medium with NPPC (100 nM) and E 2 (100 nM) and with 0-600 lM Cx37 CMP (squares) or 600 lM of the corresponding scrambled peptide (triangle) (mean 6 SEM; n ¼ 5; 7-10 COCs per culture group). There were no significant differences between treatments by ANOVA (P ¼ 0.30). C) Percentage of GVBD in COCs cultured 0-22 h in medium with NPPC (100 nM) and E 2 (100 nM), without peptide (circles) or with 600 lM Cx43 CMP (squares) or with 600 lM corresponding scrambled peptide FIG. 6. Effect of general gap junction inhibitors on maintenance of meiotic arrest in intact and punctured follicles. A) GVBD in intact antral follicles cultured for 10 h in medium without (black bars) or with (white bars) AGA (150 lM) or lindane (10 lM). Bars represent percentage of GVBD in oocytes cultured in intact antral follicles (mean 6 SEM; n ¼ 5; 7-10 follicles per culture group). B) GVBD in punctured antral follicles cultured 10 h in medium with NPPC (100 nM) and E 2 (100 nM) and without (black bars) or with (white bars) AGA (150 lM) or lindane (10 lM). Bars represent percentage of GVBD in oocytes cultured in punctured antral follicles (mean 6 SEM; n ¼ 3; 7-10 follicles per culture group). Follicles were cultured in 1 ml of antral follicle culture medium in organ dishes. For both A and B, bars that do not share letters are significantly different (P , 0.001 by ANOVA with Tukey test, except b vs. c in panel B, P , 0.05).
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(triangle) (mean 6 SEM; n ¼ 5; five COCs per culture group). Differences between means at each time point were assessed by Student t-tests (**P , 0.01, ***P , 0.001). All the COCs were cultured in 20 ll drops of COC culture medium in 30 3 10 mm culture dishes enclosed within humidified 100 3 15 mm Petri dishes without oil.
RICHARD AND BALTZ caused a release from meiotic arrest. However, as with COCs, the Cx37 CMP had no effect (Fig. 7) . Oocytes in punctured follicles cultured without CMP or in the presence of each scrambled peptide maintained meiotic arrest.
The lack of effect of Cx37 CMP could indicate that connexin-37, unlike connexin-43, is not required to maintain meiotic arrest mediated by NPPC in the COC or antral follicle. Alternatively, the lack of effect could result from the inability of the peptide to reach connexin-37 gap junctions, which are located at the surface of the oocyte underneath the cumulus shell and zona pellucida, in contrast to connexin-43 gap junctions that are located between cumulus cells throughout the cumulus layer [19] . That the CMP might be impeded from reaching the oocyte within COCs was supported by the observation that culture with fluorescently labeled WGA protein, which binds to the zona pellucida, produced bright staining of the entire width of the zona pellucida of denuded oocytes but only of the outer surface of the zona pellucida when oocytes were exposed to WGA while still within COCs (Fig. 8A) . Thus, we hypothesized that Cx37 CMP was impeded from reaching the surface.
To potentially overcome this, we microinjected Cx37 CMP into the PVS within COCs, and then cultured them in medium with 600 lM Cx37 CMP for 20 h. Injection of medium without CMP or with scrambled peptide were used as controls. COCs microinjected and cultured with Cx37 CMP were released from meiotic arrest (;70% GVBD) while COCs microinjected with medium alone and cultured without CMP or microinjected and cultured with control scrambled peptides maintained meiotic arrest (Fig. 8B) . Thus, GV arrest also appears to require connexin-37 gap junctions. As a further control, additional COCs were microinjected in the PVS with Cx43 CMP and cultured in the presence of Cx43 CMP for 20h. These COCs were released from meiotic arrest as expected (Fig. 8B ) and did not react differently than COCs cultured with Cx43 CMP without microinjection.
To further confirm the involvement of connexin-37 gap junctions in the maintenance of meiotic arrest by NPPC, two different anti-GJA4 antibodies, previously shown to downregulate connexin-37 gap junctions when injected into oocytes within intact antral follicles [13] , or control IgG were microinjected into COCs before they were cultured 20 h with NPPC and E 2 . Significantly more oocytes resumed meiosis in COCs microinjected with either anti-GJA4 antibody compared to control IgG (Fig. 8C) .
DISCUSSION
As part of the present investigations, we have more precisely defined conditions for maintaining meiotic arrest of mouse oocytes within antral follicles in culture for extended periods. We expanded on previous work by Downs [26] who first developed an intact mouse antral follicle culture system, and we showed that fully grown mouse antral follicles require at least 100 ll of medium per follicle to remain viable. When at least this volume of medium was provided, ;80%-100% of oocytes could be maintained in meiotic arrest, similar to the ;70%-85% reported by Downs. It is not known why antral follicles fail to remain viable and maintain meiotic arrest in volumes less than 100 ll per follicle, but it may be due to the development of hypoxic conditions (despite 50% O 2 ), nutrient deficiencies from depletion of the medium, or buildup of waste products.
To allow access to the antral cavity of in vitro-cultured follicles, we developed a punctured antral follicle culture system. The ability of oocytes to maintain meiotic arrest and progress to MII eggs was similar to that observed for intact follicles. However, we found that NPPC and E 2 had to be added to culture medium to maintain oocyte arrest in punctured follicles if culture periods exceeded 4 h, unlike for intact follicles. This likely reflects a loss of endogenous NPPC due to the continuity of the antrum with the external medium, consistent with the current paracrine signaling model in which NPPC is produced by mural granulosa cells, diffuses through the antral fluid, and binds to its receptors on the cumulus cells [16, 17] . The punctured antral follicle preparation may prove useful for other investigations in which it is desirable to have direct access to the antral cavity in follicles while maintaining physiological GV oocyte arrest.
A role for GJA1 in maintaining meiotic arrest in the fully grown antral follicle had been inferred from its localization between cumulus cells [13, 18, 19] and the requirement for Gja1 in granulosa cells but not oocytes during follicle development [9, 10] . An attempt at producing an oocytespecific deletion of the Gja1 gene showed that connexin-43 was not required in the oocyte for maintenance of meiotic arrest in the mouse [22] . That model was, however, complicated by an unexpected reduction of Gja1 that also occurred in granulosa cells, which may have had subtle deleterious effects on the oocyte that account for the reduced postimplantation developmental potential of embryos produced from those oocytes but was not sufficient to affect intercellular coupling in the COC or perturb meiotic arrest [22] . Thus, while it had been established that connexin-43 was the major isoform in granulosa cells required for follicle development, its role in maintenance of meiotic arrest in the fully grown oocyte had not been directly shown. The best previous evidence for a specific role for GJA1 in meiotic maturation was that it is phosphorylated and inactivated by the luteinizing hormone signal that triggers resumption of meiosis [13] , which implicated closure of connexin-43 gap junctions between granulosa cells in the physiological release from meiotic arrest. Our results are   FIG. 7 . Effect of CMP on maintenance of meiotic arrest in punctured follicles. GVBD was assessed in punctured follicles cultured 20 h in medium with NPPC (100 nM) and E 2 (100 nM), without CMP (ÀCx), with 600 lM Cx37 or Cx43 CMP (þCx), or 600 lM of the corresponding scrambled peptide (Scr). Follicles were cultured in 1 ml of antral follicle culture medium in organ dishes. Bars represent percentage of GVBD in oocytes cultured in punctured follicles for 20 h (mean 6 SEM; n ¼ 5; 7-10 follicles per culture group). Bars that do not share letters have significantly different means (P , 0.001 by ANOVA and Tukey test).
GAP JUNCTION ISOFORMS IN GV OOCYTE ARREST
consistent with a major role for connexin-43 gap junctions in maintaining meiotic arrest downstream of NPPC because we demonstrated that Cx43 CMP releases oocytes from meiotic arrest in both punctured antral follicles and COCs in the presence of NPPC and E 2 . The ability of Cx43 CMP in the medium to release oocytes from arrest both within COCs and in punctured antral follicles is consistent with localization of GJA1 in an accessible location between cumulus cells.
Immunofluorescence localization of GJA4 indicates that connexin-37 gap junctions are present at the mouse oocyte surface and between granulosa cell processes within the zona pellucida [7, 18, 19] , and thus they are proposed to mediate cumulus-oocyte communication. Unexpectedly, when CMP targeted against GJA4 (connexin-37) was added to the medium, meiotic arrest was not released in either punctured antral follicles or COCs. It was possible that connexin-37 gap junctions are not required for maintenance of meiotic arrest in the antral follicle or that Cx37 CMP is not very effective at disrupting gap junctions. However, we interpret our results to instead indicate that connexin-37 gap junctions were more likely inaccessible to the CMP in the medium due to their location near the oocyte surface within and beneath the zona FIG. 8. The role of connexin-37 gap junctions in maintenance of meiotic arrest in COCs. A) Alexa-488 conjugated wheat germ agglutinin (WGA; 5lg/ ml) staining of zona pellucida in oocytes denuded before exposure to WGA (DO) and oocytes cultured for 2 h with WGA within COCs and then denuded for confocal imaging (COC). Upper panels are original confocal images, and lower panels are images that have had the brightness increased equally to better show the oocyte boundary, which marks the inner surface of the zona pellucida (ZP, with thickness indicated by capped lines). B) GVBD in COCs microinjected into the PVS with medium alone and no CMP (ÀCx), 600 lM Cx37 or Cx43 CMP (þCx), or 600 lM of the corresponding scrambled peptide (Scr), then cultured overnight (20 h) in 20 ll drops of COC culture medium with NPPC (100 nM), E 2 (100 nM), and 600 lM of the same CMP in 35 3 10 mm cultured dishes enclosed in 100 3 15 mm Petri dishes without oil. Bars represent percentage of GVBD in oocytes cultured following microinjection (mean 6 SEM; n ¼ 3; at least six to seven COCs per culture group). Bars that do not share letters indicate significantly different means (P , 0.001 by ANOVA with Tukey test). C) GVBD in COCs microinjected with anti-GJA4 (connexin-37) antibodies and cultured 20 h in medium with NPPC (100 nM) and E 2 (100 nM). The left panel represents GVBD in COCs microinjected with the antiserum (S) raised by Dr. Alexander Simon [19] , and the right panel represents GVBD in COCs microinjected with antiserum (P) raised by Dr. David Paul [31] . Controls are paired IgGs. COCs were cultured in 1 ml COC culture medium in organ dishes. Bars represent percentage of GVBD in oocytes after culture (mean 6 SEM; n ¼ 3; at least 10 COCs per culture group). Differences between means were determined by Student t-test (*P , 0.05).
RICHARD AND BALTZ pellucida [19] . First, fluorescently tagged WGA was unable to stain within the zona pellucida of oocytes in COCs exposed to WGA (or punctured antral follicles; data not shown), in contrast to bright staining of the full thickness of the zona pellucida of denuded oocytes, implying that larger molecules are impeded from permeating the zona pellucida when the cumulus cell layer is present. Second, while Cx37 CMP added to the medium did not have a detectable effect, the same CMP microinjected into the PVS resulted in efficient induction of meiotic maturation. Under these conditions, the microinjected Cx37 CMP can more easily access and inhibit any connexin-37 localized either at the oocyte surface or on cumulus projections. In addition, antibodies against the intracellular portion of GJA4 also induced meiotic maturation in COCs in the presence of NPPC, similar to their effect when they were microinjected into oocytes within intact antral follicles [13] . The effectiveness of Cx43 CMP implies that Cx37 CMP added only to the medium should likewise have been able to reach any connexin-37 gap junctions outside of the zona pellucida. We thus interpret the lack of effect of external Cx37 CMP coupled with its effectiveness in the PVS, and of anti-GJA4 antisera microinjected into the oocyte, as consistent with connexin-37 gap junctions required for maintenance of meiotic arrest downstream of NPPC located at or near the oocyte surface. A remaining uncertainty is whether gap junctions at the mouse oocyte surface are exclusively composed of GJA4 or whether heterotypic gap junction are formed with GJA1. Our results would not distinguish between these possibilities because it cannot be ruled out that Cx37 CMP only target connexin-37 hemi-channels that are present on the oocyte surface and not on granulosa cells, which would still prevent cGMP transfer into the oocyte.
To our knowledge, this is the first direct demonstration that both Cx37 (GJA4) and Cx43 (GJA1) gap junction isoforms are required for maintenance of meiotic arrest by NPPC, and the first demonstration that CMPs can be used to disrupt specific gap junction isoforms in follicles or COCs. These results are consistent with a model in which the meiotically competent GV oocyte is maintained in arrest within the antral follicle by NPPC from the mural granulosa cells that acts on receptors in the cumulus granulosa cells. The cGMP consequently produced in the cumulus cells diffuses between these cells primarily via connexin-43 gap junctions. These gap junctions appear relatively accessible to the external medium, consistent with their localization throughout the cumulus cell layer. The cGMP from the cumulus cells then enters the oocyte primarily through gap junctions between the innermost cumulus cells and the oocyte that contain connexin-37. This localization is consistent with their relative inaccessibility to CMP added externally but susceptibility to CMP introduced directly into the PVS and to antibodies in the oocyte.
